Abstract-This study explores the relationship between laser waveforms and canopy structure parameters and the effects of the spatial arrangement of canopy structure on this relationship through a geometric optical model. Studying laser waveforms for such plant canopies is needed for the advanced retrieval of three-dimensional (3-D) canopy structure parameters from the vegetation canopy lidar (VCL) mission.
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Crown count density (m ). within, and below plant canopies, which is the energy source for the exchange of heat, mass, and carbon in land surface, is fully driven by the horizontal and vertical dispersion of canopy elements. In addition, land surface roughness affects the exchanges of mass, energy and momentum between forest canopies and the lower atmosphere.
Measuring 3-D canopy structure from the ground is difficult and time consuming. Remote sensing, including passive and active remote sensing, provides a technically consistent means for estimating many landsurface biophysical parameters at large regional to global scales. However, most passive remote sensing systems, although mapping the horizontal organization of canopies, do not provide direct information on the vertical distribution of canopy elements. Furthermore, measurement of or accounting for ground topography in densely vegetated areas is either not possible or very difficult using traditional remote sensing methods.
Recent technologies based on laser lidar systems have the potential to overcome these problems. The systems being used in the design of the spaceborne vegetation canopy lidar (VCL), the current airborne laser vegetation imaging sensor (LVIS), and the previous scanning lidar imager of canopies by echo recovery (SLICER) have shown great promise and capacity to retrieve 3-D canopy structure information [3] , [4] . Key objectives of VCL, LVIS, and SLICER are to provide estimates of not only canopy height and canopy structure parameters but possibly also of biomass and volume [3] , [4] , [12] , [13] , [16] , [20] . Data from large-footprint scanning lidars will soon become much more widely available with the launch of the VCL [3] . Over its 18-month lifetime, this NASA instrument will acquire global data on forest structure.
These lidar systems use a laser system with large diameter footprints, (10-15 m for SLICER and 25 m for VCL and LVIS). A laser pulse at 1.064 m is fired directly from zenith to nadir and reflected by the land surface and structures such as vegetation above it. The time elapsed since the pulse was fired measures the distances to scattering events and the terrain surface. A laser waveform is formed by recording the laser energy return as a function of time. The waveform is a function of canopy height and vertical distribution of foliage, as it is made up of the reflected energy from the surface area of canopy components such as foliage, trunks, twigs, and branches, at varying heights within the large footprint. The total waveform is therefore a measure of both the vertical distribution of vegetation surface area and the distribution of the underlying ground height.
Canopy structure parameters as well as ground elevation can be directly derived from the laser waveforms. For example, ground elevation is calculated from the elevation of the peak of the last return in the waveform, which is the reflection from the ground. Canopy height can be calculated as the distance between the first significant return above threshold and the ground [28] , [21] , [16] , [12] , [13] , [4] . Canopy cover, the fraction of background obscured by vertically projected foliage and woody area above a certain height, is calculated by the cumulative laser returns from the canopy to that height divided by the total returns from the canopy and the ground adjusted by a ratio to account for differences in ground and canopy reflectance at 1.064 m [12] , [13] . Cumulative canopy height profile (CHP) is calculated by using a logarithmic transformation of (1-canopy cover), and relative CHP is computed by differencing CHP and dividing by total canopy CHP [12] , [13] , [8] . Close relationships have been found between such derived parameters from laser waveforms and field measurements. However, the relationships are generally empirical and the predicted parameters based on the relationships are often compared with field data based on measurements of the same type.
A physical model describing the laser photon interaction with plant canopies can be used to explore the relationship between lidar waveforms and 3-D canopy structure parameters. Some recent studies have modeled laser beam interaction with plant canopies using ray tracing techniques [6] , [29] , that require knowledge of the exact tree size, shape, and the exact location of each tree, which is difficult to obtain in practice.
A simpler canopy radiation model which can characterize the waveforms as a function of the statistical parameters of the tree geometry at the the scale of forest stands may be more useful in the application of lidar remote sensing for forest characterization. A tree "stand" is an area covered by trees from the same species association with similar basic spatial and functional arrangements. In forestry, for example, stands usually have a specific age class or distribution. VCL and LVIS with 25 m footprint and SLICER with a 10 m footprint are designed to measure canopy structure information at the integrated tree stand level. Such aggregated canopy radiation models are well suited for the study of the VCL, LVIS, and SLICER missions.
The objective of this study is to adapt a simple stand-based radiation model to characterize laser waveforms from plant canopies as a function of canopy structure parameters within large footprints. For homogeneous plant canopies, Beer's Law has often been used. However, for discontinuous natural vegetation, a geometric-optical and radiative transfer (GORT) approach is more suitable.
The GORT model was originally developed to model the bidirectional reflectance of discontinuous plant canopies [35] . It has been modified for modeling the solar radiation transmission and absorption by canopy elements [22] . Using the geometric optics (GO) approach, the clumping of leaves into tree crowns for discontinuous plant canopies is well described. The hierarchical clumping structure of plant canopies, including the clumping of needles into shoots, shoots into branches, branches into whorls, and whorls into crowns for conifer forests, has been found to be well modeled by GORT [22] . The radiative transfer (RT) component of the model characterizes the multiple scattering within the canopies. The GORT model has been applied and validated in conifer forests for photosynthetically active radiation (PAR) transmission, solar radiation transmission [22] , bidirectional reflectances [23] , [27] , surface albedo [26] , and spatial variances of remote sensing imageries [24] , [25] .
The GORT model is different from ray tracing models in that it models the integrated radiation regime within plant canopies at tree stand scale. The inputs are distribution functions of tree geometry parameters (such as mean tree size, shape and density) and the spectral properties of canopy elements and background. This integrated approach corresponds to the way in which foresters and ecologists take measurements in fixed and variable plots, and it suited well to study the large-footprint lidar systems.
In this study, we use the GORT model to describe the lidar waveforms as functions of tree geometry parameters, and to study the effects of the clumping in natural vegetation on the relationship of laser waveforms and canopy structure parameters. We begin by developing the basic canopy lidar equations.
II. BACKGROUND

A. Basic Canopy Lidar Equation
Let
denote the probability that there is a gap above height in a canopy. For laser beams over a large footprint entering the canopy from the top, the expected proportions of the attenuated laser beams over the footprint at height levels and are and . is the expected proportion of laser energy intercepted by the canopy elements within the thin layer of width . When approaches zero, is the beam interception density. The intercepted laser beams are reflected by the canopy elements and returned back to the receiver.
Assume is the integrated laser energy return from canopy top to height , is the integrated laser energy return from top to the bottom of the vegetation layer, is the laser energy return from the ground, is the beam irradiance, is the backscattering coefficient of the ground, and is the volume backscattering coefficient of the basic canopy foliage element. Then the basic canopy lidar equations are (1) (2) where is the lidar energy return density within the canopy layer.
The term must be modeled explicitly since systems such as SLICER, VCL and LVIS are operated in a way that allows the emitted laser pulse energy to be modified over different surfaces (i.e., water versus forest) [Blair, personal communication] .
Equation (1) can also be rewritten as (3) where is called here the "apparent foliage profile," which we have defined as (4) Note that is related to the relative canopy height profile (relative CHP) as used by [12] , [13] , [8] . The relative CHP will be denoted here by and is defined in terms of as (5) where and are the heights of the lower and upper boundary of the canopy layer. The interpretation of and in terms of the vertical distribution of canopy elements is discussed later.
Note that (1) is different from the atmospheric lidar model [19] , which was applied by Sun and Ranson [34] for canopy lidar. The atmospheric lidar model is a two-way attenuation model, since the atmospheric elements (molecules or aerosols) are small and do not occlude radiation. However, for plant canopies, canopy elements such as leaves, twigs, and branches are large enough to cast shadows. Because all shadows in the direction of the incident pulse are occluded, the laser beams are scattered preferably back to the same direction as the incident beams, i.e., to the backward direction. For the current lidar system, the laser beam therefore has a peak return from nadir. This is the so-called hotspot effect [7] . In this case, a one-way attenuation model is used because a scattering surface that can be reached by laser energy will also be "visible" to the receiver. In the future, if a lidar system is used that can receive the returned laser energy in a direction different from the incident beam direction, a hot spot interaction term as a function of incident and returned directions must be added to (1) . The use of such bistatic lasers (although not lidars) to plant canopy analysis has been described by [11] .
The volume backscattering coefficient of a canopy element is a function of leaf angular distribution, phase function of leaf scattering, and spectral properties (e.g., leaf transmittance and leaf reflectance). If the phase function of the foliage elements depend only on scattering angle, it can be written as (6) where is the bidirectional reflectance distribution function (BRDF) at the unit of . To convert it to reflectance units (unitless), a constant is applied. is the single scattering albedo of leaves, with , where and are the leaf reflectance and transmittance.
is the volume scattering phase function of plant canopies with (7) is the solid angle element, is the scattering angle (8) where are the zenith and azimuth angles of the incident beam direction, and are the zenith and azimuth angles of the scattered direction. For plant canopies, is a function of spectral scattering coefficients of leaves and their orientation distribution [30] .
For randomly oriented lambertian leaves
For vertical lambertian leaves (10) where with .
For horizontal lambertian leaves leaf surface intersects otherwise.
(11) Since the laser return is at the hotspot ( ) for randomly oriented lambertian leaves, we have (12) For green vegetation for , otherwise [31] . At m, [30] for green plant canopy. Thus, we have . Equation (6) becomes (13) To parameterize the volume backscattering coefficient of the ground and we assume the ground is a Lambertian surface, then is written as otherwise. (14) Assume is the single scattering albedo of the ground, then
For backscattering (16) From (13) and (15), we obtain (17) For vertical lambertian leaves (18) For horizontal lambertian leaves leaf surface intersects otherwise.
As we have seen in the previous equations, the lidar energy return is a function of laser pulse energy, the vertical distribution of gap probability, the spectral properties (such as single scattering albedo of leaves) of the canopy elements, their angular orientations, and the spectral properties of the ground.
B. Retrieving Gap Probability and Apparent Foliage Profile
As shown in the basic lidar equations, the laser energy returns can be directly related to the gap probability . In practice, the broadened laser beam is attenuated and reflected by foliage elements at different heights and provides us with the means to estimate from the recorded waveform. With a knowledge of the backscattering coefficient of the plant canopy, , and atmospherically corrected laser pulse energy , the estimated gap probability can be directly retrieved from the lidar waveform as (20) As previously defined, is the accumulated laser energy return from the canopy top to height level within the canopy layer. This can be directly obtained from the lidar waveform. However, is not always available since the data are often not calibrated and the outgoing pulse power is often not measured reliably. It therefore may be hard to retrieve the vertical profile only from (20) .
Nevertheless, by using the ground return as a reference and with some knowledge of the ground and foliage reflectance ratio it is possible to obtain from uncalibrated data using the following three equations (21) (22) (23) Combining these we have (24) and are the laser energy returns from the canopy top to height , from canopy top to ground, and from the ground return individually. Their ratios and can easily be calculated from the lidar waveform. Thus, with the knowledge of , can be retrieved from an uncalibrated canopy lidar waveform.
From , apparent and relative foliage profiles can be estimated from (4) and (5) . Replacing in (4) and (5) by (24), we notice that is quite sensitive to the value of , but is not. The reason is that the effect of appears in both numerator and denominator in , in agreement with [12] and [13] .
It follows that, in addition to the canopy height, which is a straightforward product from laser waveforms, a vegetation lidar system can provide gap probability , the vertical profiles of canopy cover , apparent foliage , and relative apparent foliage , provided is known. These are the techniques commonly used to retrieve canopy structure parameters from lidar waveforms [14] , [12] , [13] . Note that changes with leaf orientation factor and spectral properties of the leaves and background and will therefore often vary between stands.
Successful retrievals of canopy structure from canopy lidar data have been achieved using the above methods by assuming that can be identified as the vertical profile of vertical projections of foliage elements, or the profile of vertical foliage area density. However, as observed by a number of authors, (4) can only give us an "apparent" foliage profile which will differ from the actual vertical foliage area density. The question is therefore: how well does the apparent foliage profile match with the actual foliage profile? Some factors in this difference are the foliage orientation and canopy clumping. Different levels of clumping exist in different types of forests. In these cases, how different is the apparent foliage profile from the actual foliage profile? In what situations does the apparent foliage profile match the actual foliage profile? Will a biased foliage profile lead to biased biomass retrieval? To answer the above questions, models describing gap probability by 3-D canopy structure parameters for different spatially arranged plant canopies, are presented next.
III. CANOPY STRUCTURE AND GAP PROBABILITY MODELS
The directional gap probability function for a canopy is defined as the probability of incoming beams at incident zenith angle and azimuth angle reaching a given point located at a certain height in the canopy without being scattered. It is denoted . The gap probability is the key concept for modeling lidar waveforms as it links canopy structure with the lidar waveforms through the lidar equation.
A. Canopy Structure
The attenuation of laser beam irradiance passing through a canopy is directly affected by the density, size, and distribution (horizontal and vertical) of foliage and woody elements within the canopy, as well as spectral and roughness properties of leaves, wood elements, and the surface beneath the canopy. In general, the basic foliage and woody elements are assumed to be relatively small with area volume density (sum of areas of elements with "centers" in unit volume) and orientation volume density (distribution function of elements with centers in unit volume) that may vary vertically or horizontally.
From the study of point patterns, which reside with the dispersion of the centers of the objects, [10] and [30] suggested three dispersions to describe the distribution of the centers of the foliage and woody elements: regular (e.g., plantation) or semi-regular (e.g., row crops), random, and clumped (or clustered).
The "random" or Poisson point process is generally the null hypothesis where there is an equal probability of finding a plant at any location with an equal probability. If the point pattern is more clustered than the Poisson case, then variance is higher than the mean, the distribution of the individuals in subsets is broader and the distances from individuals to near neighbors are lower than from arbitrary points. The opposite cases indicate that individuals are dispersed more regularly than "random." The distribution generated by the point process is called stationary if it is independent of arbitrary translations of the origin and isotropic if it is invariant under the arbitrary rotation about the origin. Stationary is often called "homogeneity."
Processes can be stationary (homogeneous) in given directions in planes and not in other directions and isotropic in planes without being isotropic in the whole space. Note, however, that a process can be stationary and isotropic, but still have spatial dependence and correlation that may lead to clustering and clumping of the points in the space.
Jupp [10] notes that the dispersion is scale-dependent and can be hierarchical with objects being composed of smaller objects and themselves having size, shape, orientation and dispersion. By using a hierarchical model the focus of issues such as "clumping" resolves to the dispersion of individuals within and between the elements of the hierarchy.
It is generally assumed that the centers of the phyto-elements are distributed with a Poisson point process that is homogeneous in the horizontal direction. Vertical homogeneity is not necessary or desirable since leaf density varies significantly with height in crops, grasslands, and forests. The independence properties of the Poisson are retained between layers that are thick enough for phyto-elements to be essentially only in one layer. This creates the need to assume small phyto-elements if differential equation models are to be used.
Random and clumped dispersions (e.g., natural stands) are often isotropic. In this case, the gap probability is only a function of the incident zenith angle in addition to height, and is written as . We only focus on the canopies with isotropic random and clumped dispersions since these represent areas that lidar has been applied to. The clumped dispersion is also called a "discontinuous" plant canopy.
The simplest case for random and clumped canopies is that of a single-species and single-layered canopy. However, multispecies and multilayered plant canopies are also common in reality. Here we only examine single-species and single-layered canopies. A more general gap probability model for multispecies and multilayered plant canopies will be presented in a separate study, but we will explain how the single-species and single-layered models can be extended to multispecies and multilayered cases.
B. Horizontally Homogeneous Canopies
For a horizontally random plant canopy, assume is the gap probability, is the foliage area volume density with a unit of , defined as foliage area per unit volume. is a function of height , and is the actual foliage profile for a single-species horizontally random plant canopy. For a multispecies and multilayered plant canopy, the actual foliage profile is the summation of for different species. is the leaf area projection factor, which is defined as the projection of a unit foliage area at the incident zenith angle onto a plane perpendicular to the direction of beam travel [30] .
is a property of the foliage elements in addition to area uniformly random leaf orientation horizontal leaf orientation vertical leaf orientation.
(25) The gap probability for a single-species and single-layered horizontally homogeneous plant canopy is derived as follows (see Fig. 1 ) (26) When approaches zero, and using the definition of (27) 
The apparent foliage profile is thus different from the actual foliage profile , in this case, by the leaf area projection factor .
C. Discontinuous Plant Canopies
As a means of modeling the clustering of foliage into tree crowns while still retaining the useful results obtained from random dispersion, it is possible to consider that the foliage elements are dispersed in the volumes defined by the crowns and the crowns are dispersed as discrete objects.
To derive the actual foliage profile for such plant canopies, assume first that we have uniform trees randomly distributed horizontally and with varying crown density vertically. is the vertical crown density distribution function in a unit of m , and is the height at crown center.
is the mean crown cross-section area at height for trees with crown center height at . With the foliage area volume density , the actual foliage profile can be written as (31) For canopies with more than one species, where each species has its own parameters, and assuming the different species and layers are independent, the actual foliage profile can be expressed as a summation of the species information (32) where is the actual foliage profile at height for species .
For the following two simple single-species and single-layered cases, the actual foliage profile can be determined exactly.
• Identical trees of ellipsoid shape with horizontal and vertical crown radii and are randomly distributed in space with crown count density , the center of the crowns is at a single height otherwise. 
1) Gap Probability for Single-Species and Single-Layered
Discontinuous Canopies: For natural vegetation the different levels of clumping lead to a nonrandom dispersion of canopy elements. The clumping of leaves into crowns creates a nonuniform distribution of canopy gaps. Some proportion of the laser beam will pass through the canopy without passing through tree crowns [i.e., between-crown gaps, as shown in Fig. 2 ], while another proportion may pass through crowns without being scattered [within-crown gaps, as shown in Fig. 2 ]. The total canopy gap probability includes betweencrown and within-crown gap probability.
In the GORT model, the discontinuous canopy layer is modeled as an assemblage of randomly distributed tree crowns of ellipsoidal shape, with a mean value of horizontal crown radius and a mean value of vertical crown radius and centers distributed uniformly between heights and , where and are the lower and upper bounds of crown center height. is the stem count density in m . The crown shape parameter is assumed constant for any species. For example, our field measurements show that is 3.5 for old jack pine forests and 2.9 for old black spruce forests in central Canada [22] . For shrublands in the Jornada site in Central New Mexico, is very close to 1 [27] . Within each single crown, the foliage and branches can be uniformly distributed or nonrandomly distributed, for example, the horizontal whorl branch structure [22] .
The between-crown gap probability is defined as the proportion of beams at incident zenith angle that reaches a point located at height without passing through any crowns (i.e.,
). The between-crown gap probability was modeled using the Boolean Model [32] of mathematical morphology, which consists of random sets with centers that are Poisson distributed.
The within-crown gap probability is defined as the proportion of the laser beam passing through at least one crown without being scattered. The calculation of the within-crown gap probability is complex. The within-crown gap probability is modeled by the summation of the probabilities of the laser beam passing through crowns. To model the gap probability of a laser beam passing through crowns, the GORT model calculates the location where the laser beams enter crowns and the within-crown pathlength for each crown. A detailed description of the gap probability calculation can be found in [35] and [22] .
For illustrative purposes, the gap probabilities for two scene A and B (see Fig. 3 ), were calculated using the GORT model. The tree geometry parameters for the GORT model are shown in Table I . Fig. 4 shows the modeled vertical distributions of gap probabilities, waveforms, and retrieved apparent foliage profiles.
The top two plots in Fig. 4 show the modeled total gap probability as a function of height using the GORT model. The total gap probability includes the between-crown gap probability and the within-crown gap probability , which are also shown in Fig. 4 . The total gap probability from the GORT model has a sigmoid shape.
The between-crown gap probability shows a quick exponential decay in the upper part of the canopy. In the lower part of the canopy, the between-crown gap probability is almost constant. This can be understood by examining Fig. 3 . Above the height , the betweencrown gap probability decreases because of the increase of crown width. At height , the crown width reaches a maximum and approaches a minimum value at height , constant at . As the beam penetrates into crowns, increases, reaches a peak value, and then decreases. The proportion of incoming beam entering the crowns in a very thin layer at height is . The integrated laser beam entering the crown from canopy top to height is . Part of the beam passing through the crown without hitting any crown elements forms the within-crown gap probability . is almost zero at the top of the the canopy, since the integrated is small. As the laser beam penetrates into canopies, integrated increases, also increases. Meanwhile as the beams penetrate, an exponential decay of the beam inside crowns-a horizontally-homogeneous medium-also lessens the increase of . Until at a certain level above , the factor of the exponential decay becomes the controlling factor, and decreases. The summation of between-crown gap probability, and within-crown gap probability, forms the sigmoid shape of total canopy gap probability.
The middle two plots in Fig. 4 show the vertical profile of , which is linearly related to the laser waveform by the volume scattering coefficient. A peak value is shown in the upper part of the canopy layer. The bottom two plots in Fig. 4 show the apparent foliage profile retrieved by taking the logarithmic transformation of gap probability. Because of the clumping effect, the actual total gap probability for discontinuous plant canopies is larger than the one for horizontally homogeneous plant canopies. This leads to an apparent foliage that is less than the actual foliage profile.
In summary, two factors contribute to the deviation of apparent foliage profile from the actual one. One factor is the leaf orientation, and the other is the clumping effect for natural vegetation. For a horizontally homogeneous canopy, only leaf orientation causes the difference. For natural vegetation, both factors are involved. We have shown that as a means to interpret the data, the gap probability can be directly retrieved from the lidar return with the knowledge of . However, the relationship between the gap probability and the actual foliage profile for natural vegetation is complex. Unless we can separate the between-crown and within-crown gap probability, the actual foliage profile can not be directly retrieved from lidar data.
2) Gap Probability for Multispecies and Multilayered Discontinuous Canopies: For many forest stands, for example those in the tropics, a multilayered and multispecies model is required. The gap probability for multispecies and multilayered discrete canopies can be very complex. Here we show how we can extend the single-species and single-layered model to multispecies and multilayered model. Two canopies with single-layer and single species, have been chosen, one is the conifer forest, the other is a broadleaf forest. Fig. 4 shows the modeled gap probability , for the conifer forest using the GORT model. Fig. 5 (left column) shows the modeled gap probability and for a single layer broadleaf forest using the GORT model. The tree geometry parameters from tropical forests, in La Selva, are used [15] (see Table II ).
The two-layered forest stand is constructed as follows. The conifer forest trees as used in Fig. 4 are located at the lower layer, and the broadleaf forest trees, as shown earlier, are located in the upper part of the canopy. If the tree distributions of these two species are independent of each other, the modeled gap probability, waveform, and the retrieved apparent foliage profile using the GORT model are shown in the right-hand column of Fig. 5 . Two peaks appear in the laser waveform and the apparent foliage profile. For this two-layered forest stand, the two species are independent of each other. The simulation Fig. 4 . Modeled vertical distribution of the gap probabilities P (z) (solid line) [including between-crown gap probability, P (n = 0; z) (dash-dot line), and within-crown gap probability, P (n > 0; z) (dash line), P (z) = P (n = 0; z) + P (n > 0; z)], dP (z)=dz, and apparent foliage distribution, (d log(P (z))=dz), using the GORT model. The parameters used for case A and B are listed in Table I. of the gap probability is straightforward. Simple multiplication of the two gap probabilities for the two species will do. In reality, due to ecological competition, the vertical distribution of different species may not be independent of each other.
IV. MODEL VALIDATION
To access the performance of modeling the laser waveforms using the gap probability models presented above, we compared the model predictions with the SLICER data collected during the field campaign of BOREAS.
A. SLICER Data from BOREAS Site
BOREAS is a large-scale interdisciplinary experiment in central Canada focusing on improving our understanding of the interactions between the boreal forest biome and the atmosphere, and to clarify their role in global climate change [33] . During the BOREAS summer field campaign of 1996, SLICER was deployed on the NASA Wallops Flight Facility C-130 to measure the vertical structure of boreal forests and the topography of the underlying ground surface.
During the field campaign, intensive field measurements of tree geometry parameters [2] , [22] , the spectral properties of canopy elements [17] , and the spectral properties of ground [18] were conducted. These ground measurements at four super study sites of BOREAS (Table III) were used to drive gap probability models.
A few concerns about the inputs need to be addressed. First, these measurements were conducted during the summer field campaign of 1994, but the SLICER data were collected during the summer field campaign of 1996. In this study, we ignore the small dynamic tree growth during the two-year period. Second, Fig. 5 . Modeled vertical distribution of the gap probability P (z), waveform dP (z)=dz, and foliage distribution (d log(P (z))=dz) using the GORT model (solid lines) for a broadleaf forest and two-layered forest (top layer: broadleaf tree stand, bottom layer: conifer tree stand) .   TABLE II  INPUT TREE GEOMETRY PARAMETERS FOR THE GORT MODEL  IN A BROADLEAF FOREST STAND   TABLE III  INPUT TREE GEOMETRY PARAMETERS FOR THE GORT MODEL IN THE FOUR  CONIFER FOREST STANDS the spectral properties of canopy elements and the background, as shown in Table III , are at 0.9 m. We use them at 1.06 m which is the SLICER laser beam wavelength because of small [2] observed differences in the spectral properties between these two wavelengths [30] , especially for conifer forests [5] . Third, the upper bound of tree crown centers is closely related to the tree height. As indicated in Chen's measurements (Table IV) , the trees in the NOJP site are taller than those at the NOBS site. But our SLICER waveforms show the opposite (see Fig. 7 ). The value of for the NOBS site in Table III was therefore estimated from the SLICER waveform rather than Chen's measurements. We believe the SLICER height measurements are more accurate since Chen's measurement may have been conducted on a slightly different site. In the future, height derived directly Fig. 6 . Modeled vertical distribution of the gap probability P (z), waveform dP (z)=dz, and apparent foliage profile (d log(P (z))=dz) for clumped forests (solid lines) and the horizontally homogeneous forests (dashed line). Four conifer forest stands of central Canada are used to represent the clumped forests. To make up a horizontally homogeneous canopy layer for the four conifer forests, the foliage elements within each thin layer are assumed to be horizontally distributed within each thin layer. The actual foliage profile for clumped forests and nonclumped forests are the same. SOBS: old black spruce forest stand in the southern super study site of BOREAS. SOJP: old jack pine forest stand in the southern super study site of BOREAS. NOBS: old black spruce forest stand in the northern super study site of BOREAS. NOJP: old old jack pine forest stand in the northern super study site of BOREAS. SOBS, SOJP, NOBS, and NOJP are with the same meanings in the following plots. It can be seen that the assumption of horizontally homogeneous plant canopies leads to underestimation of foliage area density.
from the laser data can be embedded in the inversion algorithm to reduce the uncertainty in the inversion outputs.
B. Model Predictions
Using the inputs provided in Table III , the GORT model was run to model gap probability for the four conifer forest stands. Fig. 6 shows the modeled vertical distribution of gap probability , , and apparent foliage profile in the SOBS, SOJP, NOBS, and NOJP sites. For comparison, horizontally homogeneous (no-clumped) forest stands are made up as if they had the same foliage profile as the four BOREAS super sites, but the foliage were randomly distributed horizontally. The actual vertical foliage profile is calculated using (34) and (35) .
The first column in Fig. 6 shows the modeled gap probabilities in the four super sites. The gap probabilities in both the clumped and no-clumped forest stands show a sigmoid shape. But the ones for clumped forests are much larger than the nonclumped case. The largest difference is shown in the SOBS site, where the tree crowns and the foliage areas within crowns are the densest. The least difference is shown in the NOBS site, where the trees are the most sparsely distributed. Although there is not much difference in the tree shape, size, density for the NOBS and NOJP sites, the trees are much more widely distributed in the vertical direction at the NOBS site than at the NOJP site.
The middle column in Fig. 6 shows the modeled . A peak value is shown for all waveforms. The peak value seems located at a higher level for the nonclumped case than for the clumped forests. But the difference is not great. The peak values of the waveforms for the nonclumped cases are always larger than those for the clumped cases. The difference is greatest at the SOBS site and least at the NOBS site. This indicates that the nonclumped forest stands lead to higher values of foliage profiles.
The rightmost column in Fig. 6 shows the retrieved apparent foliage profile using a simple logarithmic transformation of the gap probability. If we assume the leaf area projection factor is 1, the deviation of the apparent foliage profile for clumped forests from the one for nonclumped cases is the error of foliage profile retrieval arising from using the logarithmic transformation and ignoring the clumping effect for natural vegetation. The error is largest at the SOBS site, where the trees are most densely distributed. This shows that clumping still exists in some dense forests, which cannot be directly treated as horizontally homogeneous plant canopies for the retrieval of vertical foliage profile. Fig. 7 shows the comparison between the modeled waveforms and the measurements from SLICER data at the four super study sites of BOREAS. The values of the waveforms from SLICER data are digitized counts density (digitized counts per unit height) normalized by the total digitized counts. The values of the waveforms predicted from the model are also normalized by the total laser energy return. Because of SLICER data are a convolution of an ideal impulse (zero width) laser pulse with a Rayleigh distribution of finite width, the modeled waveforms were also convoluted with a Rayleigh distribution of finite width. Good agreements between the modeled and measured waveforms are observed in Fig. 7 .
C. Model Comparison with SLICER Data 1) Waveform and Gap Probability Comparison:
The modeled gap probabilities and the retrieved gap probabilities from SLICER data are shown in Fig. 8 . The modeled gap probabilities are close to the retrieved gap probabilities. In this study, we assume randomly oriented leaves, and the ratios of are close to one in each case [see (17) and Table III for the spectral properties of leaves and background].
Figs. 7 and 8 also show that even within one forest stand site, the waveforms and the gap probabilities are not uniform. One waveform or gap probability deviates from others at the SOBS site. This might be due to different tree densities or different values of at one forest stand or due to natural spatial variation in the sensing. The gap probabilities in the SOJP and the NOBS sites also do not have a uniform sigmoid shape. This might be the effect of different tree heights in the same forest stand or (again) simply spatial variation from sample to sample within a stand. Accounting for this variation will be important in future work.
Figs. 7 and 8 also show four different patterns in the modeled and SLICER-measured waveforms at the four super sites of BOREAS. Different tree heights in the four sites are the most apparent. Different foliage profiles are also shown. Our experience of processing the SLICER data tells us that the waveforms are very sensitive to the tree geometry parameters. Within one SLICER flight for the same super site, the waveforms change dramatically. Laser waveforms are thus able to retrieve the spatial variability of vertical structure above the land surface. The agreement of the model prediction of the waveforms with the SLICER data in the four super sites indicates that the GORT model also catches the horizontal spatial variability of the canopy structure on the laser waveforms. Possibly, with some effort, the GORT model can be inverted to retrieve the spatial variability of the tree geometry parameters such as tree density or vertical foliage profile within a stand from lidar data.
2) Pulse Width and Footprint Size Effects on the Data: Canopy lidars generally have a finite pulse width. Its shape is part of the instrument design being a Rayleigh in the case of SLICER and a Gaussian in the case of LVIS and VCL. This effects the distribution of power across the footprint, and this must be taken into account.
Our experience with the Rayleigh or Gaussian smoothing on the laser pulse shows that the smoothing operation of the pulse does not damage the foliage profile interpretations, but rather usually improves retrievals through its smoothing action. However the main problem is the mixing of near ground foliage returns and the ground return. SLICER has a broad pulse so it is hard to distinguish real foliage effects near the ground from the ground pulse. It is therefore important either to fully "deconvolve" the effects of the pulse shape and width from the data or unmix the ground effect from the vegetation data. Both approaches are useful but will not be discussed further here.
The distribution of laser power over the footprint is not uniform but normally follows the TEM00 mode which follows a Gaussian distributionfromthecenterofthefootprinttotheedge.The quoted "footprint" of SLICER, for example, [9] is the width to the point where the power falls to of its center level. A narrow width of this Gaussian distribution of the laser pulse in space leads to a small effective footprint size with a consequent increase in spatial variance of the data. A small footprint, centimeters to several meters in diameter, may have just one signal returning from the first scattering event, with considerable attenuation for the remaining beam. For small spot sizes, the signal also often penetrates gaps in the canopy to give a clean, unattenuated and distinct surface background signal even with a significant overstory of trees. This is an advantage when the objective is terrain mapping. However, the disadvantage of the small footprint size for canopy lidar is that the gap probability can not be inferred except from a large number of samples. The spatial variance of returns may be so high that very large volumes of data will be needed to infer stable canopy parameters.
A large footprint size allows relatively stable estimates of the foliage profile and the gap probability function to be derived for each lidar pulse with an optimum spot size dependent on the canopy clump size and mapping scale and objectives. The spot size therefore might be varied as a function of land cover. If the spot size is too large, however, the return signals becomes a heterogeneous mixture. The 10-15 m footprint for SLICER and 25 m for LVIS/VCL are ideal for canopy applications since they match the tree stand scale. But the trade-off for large footprint size is that the signal from ground becomes mixed with the signal from canopy. This signal from ground can change its shape depending on micro-relief, slope and near surface corner reflections. However, provided this variation is not dominant, the GORT model presented here is well suited for interpreting lidar remote sensing data with a large footprint size.
Fortunately, the spatial variation introduced by the interaction of the cover with the lidar footprint can also be modeled with the GORT model (see [25] ) allowing the effects of footprint size to be quantified and creating the potential to use the variation to infer canopy parameters.
3) Sensitivity of Gap Probability and Apparent Foliage Profile to
: For further analysis of the sensitivity of the retrieved gap probability, apparent foliage profile, and relative apparent foliage profile to the ratio of , Fig. 9 shows one SLICER waveform from each supersite, the retrieved gap probability and apparent foliage profile with three values (0.75, 1, and 1.5) of . A smaller value of leads to a smaller gap probability, and to larger values of the apparent foliage profile. A large difference can be seen in the retrieved gap probabilities and the apparent foliage profiles when we use different values of . Note that the amplifier also affects the sensitivity of the retrieved gap probability and apparent foliage profile to
. Larger values of amplify the sensitivity to
. Fig. 9 also shows that the relative foliage profile is not sensitive to the value of . Using our previous results it may be shown that the total projected cover estimate at the ground is (36) Fig. 9 . Effect of the ratio of volume backscattering coefficient of vegetation and background on the retrieval of gap probability and apparent foliage profile in the four BOREAS super-sites. The SLICER waveforms are shown in column one, the retrieved gap probabilities in column two (dashed, dashed, solid lines for the ratios 1.5,1, and 0.75), and the retrieved apparent foliage profiles (APF) and relative APFs in column three and four (dashed, dashed, solid lines for the ratios 1.5, 1, and 0.75).
This shows that the main effect of a poor estimate in the ratio is to change the overall cover estimate.
V. CONCLUSIONS
Lidar measurements of vegetation canopy have a great potential for characterizing vertical canopy structure. This study has explored the relationship between the laser waveforms returned from plant canopies and vertical canopy structure parameters and how this relationship is affected by the spatial arrangements of canopy elements using a modeling approach. The effect of clumping of canopy elements, which occurs for most natural vegetation, on lidar waveforms and the foliage profile retrieval was studied using a geometric optical and radiative transfer model. Larger gap probability is observed for discontinuous plant canopies because of the clumping of leaves into crowns compared to horizontally homogeneous plant canopies. This clumping also generates smaller laser waveforms from above-ground foliage and woody elements and a larger laser return from the ground for discontinuous plant canopies than horizontally homogeneous plant canopies with the same amount of foliage. Not accounting for the effect of clumping, the vertical foliage area density and the biomass for discontinuous plant canopies will therefore be underestimated using direct estimates such as a simple logarithmic transformation. In a sense, this represents a "hidden biomass" that potentially can be retrieved using a model such as GORT.
The GORT model was validated against independently measured field data using SLICER lidar data collected in conifer forest stands in Central Canada with good accuracy. The model validation shows that the GORT model is able to characterize the lidar waveform using a few tree geometry parameters, the spectral properties of canopy leaves, and the ground albedo.
Due to the clumping of leaves into crowns for natural vegetation, only the gap probability and apparent vertically projected foliage profile can be directly retrieved from the canopy lidar return. To achieve accuracy in such retrievals, a sensitive parameter: the ratio of the backscattering coefficient of the vegetation and the ground, which is a function of the leaf orientation factor, the spectral properties of the leaf and the ground, must be obtained independently. A sparse canopy and bright background reflectance will cause the retrieval to be most sensitive to the ratio.
The apparent foliage profile is generally different from the actual foliage profile. The difference is dependent on the leaf orientation factor and the clumping of vegetation. For horizontally homogeneous plant canopies, the actual foliage profile can be calculated by the ratio of the apparent foliage profile and the leaf orientation factor at nadir. For natural vegetation, besides the effect of the leaf orientation factor, the clumping of foliage into crowns leads to larger gap probability, and the values of the apparent foliage profile are smaller than the actual foliage profile; in other words, there is "hidden biomass."
For the possible retrieval of the actual foliage profiles and so biomass, suggestions are described as follows.
• Invert the GORT model to retrieve the tree density and foliage area volume density within crowns using lidar data first and calculate the actual foliage profile from the retrieved tree structure parameters. Some directly retrieved tree geometry parameters (such as tree height) from the laser returns can be used in the inversion to reduce the uncertainty of the inversion results.
• Make use of the spatial variance of the laser return. Developing a model for the vertical profile of spatial variance of gap probability can help us understand the spatial information of the laser returns. The spatial variation information provides us additional information on the canopy structure.
• Combine multiangular lidar measurements with nadir measurements. This may also provide us a way to retrieve directly the actual foliage profile, and especially the angular foliage distribution. A clumping index as a function of incident zenith angle is under development, which may link the apparent foliage profiles at different laser incident directions and the actual foliage profile.
These paths will be further explored in future work.
